NO synthases are widely distributed in the lung and are extensively involved in the control of airway and vascular homeostasis. It is recognized, however, that the O2-rich environment of the lung may predispose NO toward toxicity. These Janus faces of NO are manifest in recent clinical trials with inhaled NO gas, which has shown therapeutic benefit in some patient populations but increased morbidity in others. In the airways and circulation of humans, most NO bioactivity is packaged in the form of S-nitrosothiols (SNOs), which are relatively resistant to toxic reactions with O 2͞O2 ؊ . This finding has led to the proposition that channeling of NO into SNOs may provide a natural defense against lung toxicity. The means to selectively manipulate the SNO pool, however, has not been previously possible. Here we report on a gas, O-nitrosoethanol (ENO), which does not react with O2 or release NO and which markedly increases the concentration of indigenous species of SNO within airway lining fluid. Inhalation of ENO provided immediate relief from hypoxic pulmonary vasoconstriction without affecting systemic hemodynamics. Further, in a porcine model of lung injury, there was no rebound in cardiopulmonary hemodynamics or fall in oxygenation on stopping the drug (as seen with NO gas), and additionally ENO protected against a decline in cardiac output. Our data suggest that SNOs within the lung serve in matching ventilation to perfusion, and can be manipulated for therapeutic gain. Thus, ENO may be of particular benefit to patients with pulmonary hypertension, hypoxemia, and͞or right heart failure, and may offer a new therapeutic approach in disorders such as asthma and cystic fibrosis, where the airways may be depleted of SNOs.
T he airways and blood vessels of the lung, the nerves that innervate these structures, and the cells that reside within them are enriched in three major isoforms of NO synthase (NOS; refs. 1 and 2). A high level of NOS expression is already evident in the developing fetus and plays a key role in the transition from fetal to adult circulation (3) . Vascular NOSs function to maintain normoxic pulmonary vascular tone and to counter hypoxic pulmonary vasoconstriction; NOS up-regulation by hypoxia further serves to protect against pulmonary hypertension and right heart failure (4). NOSs may have additional homeostatic roles in the airway, including control of bronchial tone, mucus secretion, sodium͞water permeability, ciliary motility, and in defense against pathogens and pollutants.
There is now considerable evidence to indicate that high concentrations of NO can be toxic (1, (5) (6) (7) and that O 2 -rich environments such as the lung are particularly predisposed to its potentially mutagenic (8) , proapoptotic (9) and proinflammatory properties (5) . These findings are well rationalized by the chemical reactions of NO with O 2 and reactive oxygen species, which yield higher oxides of nitrogen (NO x ) that can cause inflammation, hemorrhage, and edema (1) . In particular, the airways of subjects administered inhaled NO gas reveal the same footprints of oxidative injury that are found in animals and humans exposed to NO x or hyperoxia (10, 11) , and various NO x have been implicated in pollutant-induced asthma (12) and in ''silo fillers' lung'' (a potentially fatal disorder; ref. 13 ). However, endogenous NOSs do not generate high levels of free NO in the respiratory system. Rather, it has been shown that the NO produced is complexed with thiols to form a major reservoir of NO-related bioactivity in the form of S-nitrosothiol (SNO; ref. 14) , which is resistant to potentially toxic reactions with O 2 ͞O 2 Ϫ . It has not been previously possible, however, to delineate the exact roles of SNOs in vascular or airway homeostasis or to assign specific functions to NO vs. SNO.
The major therapeutic challenge in diseases complicated by right heart failure, hypoxemia, and͞or pulmonary hypertension is to lower pulmomary vascular resistance (PVR) without decreasing left ventricular function or systemic arterial pressure. Inhaled NO gas is the first agent to meet these therapeutic objectives, and it has provided dramatic benefit to neonates with pulmonary hypertension (15) . The gas is preferentially delivered to well-ventilated areas of the lung, thereby coupling ventilation (V) to perfusion (Q), and it acts as a selective pulmonary vasodilator (16) . However, inhaled NO therapy has some drawbacks: impairment of renal function (17) , methemoglobinemia (18) , left heart failure (19) , and perhaps intraventricular cerebral hemorrhage (20) can complicate therapy, and a ''rebound'' increase in pulmonary artery pressure (PAP) on discontinuing the gas is common and may result in cardiovascular collapse (21) . In addition, the usage of NO gas has been tempered by a worrisome increase in morbidity and decrease in ventilator-free survival (the percentage of patients alive and off ventilatory support) in a large multicenter trial of patients with acute lung injury and by similar concerns raised in post hoc analyses of other studies (17, 22) .
We reasoned that the ideal drug would more closely simulate NOS activity by transforming NO groups into SNOs (23) (and thereby avoid the potentially toxic reactions with O 2 ͞O 2 Ϫ ), and that it should be a gas (to meet the desired V͞Q matching and pulmonary͞systemic activity quotients). We established a screen for potential compounds by using the following criteria: (i) high volatility; (ii) resistance to decomposition in the presence of O 2 ; (iii) reaction with glutathione to form S-nitrosoglutathione (GSNO); (iv) limited ability to oxidize hemoglobin; and (v) biocompatibility. O-nitrosoethanol (ENO) fulfilled these criteria. In particular, ENO can be synthesized as a liquid but easily partitions into the gas phase because of its low boiling point (17°C). Heterolytic cleavage of ENO (NO ϩ transfer chemistry) is strongly favored over the homolytic mechanism of decomposition that generates NO. Consequently, ENO is stable in 100%
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O 2 and does not generate NO x . Rather ENO reacts preferentially with nucleophiles, of which the most prevalent in the lung are the sulfurs of glutathione and proteins. S-nitrosothiols including GSNO are thus predicted to be the major products of ENO decomposition in lung tissues.
Methods
Synthesis of ENO Gas. ENO can be synthesized from the action of sodium nitrite on ethanol in cold sulfuric acid (24) , and can be stored in ethanol at 4°C. Lower concentrations of ENO can be purchased from Aldrich. An ENO gas admixture was generated by passing either O 2 or N 2 through a Fisher Milligan (Springfield, NJ) gas washer containing ethyl nitrite in ethanol solution. The concentrations of ENO delivered by the system were varied by changing the solution concentrations (or flow rates) and were verified in a test lung (Michigan Instruments, Grand Rapids, MI) in line with a ventilator (see text for further details).
GCMS Analysis of ENO Gas. Gas samples were analyzed by using a Hewlett-Packard 5890 II gas chromatography system coupled to a 5972 mass spectrometer. Ten-microliter samples were injected, via a capillary injector, onto a 30 m 0.32-mm i.d. GS-Q column (J & W Scientific, Folsom, CA). GC analyses were run at 150°C under helium. The GC column eluate was analyzed by negative ion mass spectrometry. Data were collected by using the Hewlett-Packard CHEMSTATION software package, with mass spectrometer operating in scan mode over the range of 10 to 150 m͞z.
SNO Formation in Airways. ENO or NO was added to the inhaled gas of neonatal pigs breathing room air in three randomized doses. Airway-lining fluid was sampled by bronchoscopy from second order bronchial airways after inhalation of drug for 5 min. With each drug dose, 2 ml of 10 mM phosphate͞100 M diethylenetriaminepentaacetic acid, pH 7.4, was injected, and aspirates were then assayed immediately for SNO. SNO concentrations were normalized to protein content, as measured by the Bradford method (Pierce).
Measurement of S-nitrosthiols. SNO formation was assessed both by the Saville method (in vitro only) and by means of the Sievers Nitric Oxide Analyzer system, using the chemical reduction chamber designed for liquid analysis. Samples were added to a reduction system containing 100 M cysteine and 1 M CuCl in a 6-ml volume (25) ; this solution was made fresh for each assay.
Porcine Model of Transient Pulmonary Hypertension. Neonatal pigs (1-2 weeks old) were instrumented and ventilated as previously described (26) . A variety of parameters were monitored, including pulmonary PAP, systemic arterial pressure, cardiac output (CO), partial pressure of oxygen in the systemic arterial circuit (PaO 2 ), systemic vascular resistance (SVR), and PVR. Pulmonary hypertension was induced by lowering the fraction of inspired O 2 (FiO 2 ) to 0.14. Under these conditions, the PAP increased by Ϸ50%. Hemodynamic measurements were retaken after 5 min of ENO breathing. ENO was then stopped, and the low FiO 2 was maintained for 4 min, at which point the hemodynamic measurements were repeated. The FiO 2 was then increased to 0.21. This procedure was repeated three times by using different doses of ENO in randomized order.
Porcine Model of Lung Injury-Induced Pulmonary Hypertension. Pulmonary hypertension was induced in neonatal pigs, instrumented and ventilated on 100% O 2 as described above, by repeated saline lavage (to remove surfactant). Lavage was stopped once the PaO 2 had fallen below 100 mmHg (1 mmHg ϭ 133 Pa) and had remained there for 30 min. Baseline measurements were then taken, and either no gas (control), ENO (Ϸ5-10 ppm), or NO (20 ppm followed by 5 ppm) was added to the inhaled gas for 2 hr. At this point, NO or ENO was discontinued, and hemodynamic measurements and blood gases were taken Fig. 1 . ENO is a gaseous nitrosant. (A) Nitrogen gas (0.6 liters͞min) was passed through a Fisher Milligan gas washer containing selected concentrations of ENO (dissolved in ethanol) and then blended with a room air gas flow (6 liters͞min) in a pediatric ventilator. Samples were collected and analyzed by GCMS for ENO content. Data are the mean Ϯ SD of three separate experiments. (B) Mass spectrometry trace of gas chromatography eluate. A gas sample from the ventilator was loaded onto a GS-Q gas chromatography column at 60°C, and column effluent was monitored by negative ion mass spectrometry. ENO elution can be followed at 30 and 46 atomic mass units (amu; the O-nitroso bond is cleaved in the ionization process). The 30-amu trace is shown. The large peak at 3.2 min represents ENO and the very small peak at 1.7 min represents NO. Examination of the column effluent at other atomic masses revealed the complete absence of NO 2. (C) The ability of ENO and NO to nitrosate 0.5 mM glutathione (equivalent to airway concentrations) was assessed in vitro. The SNO yield is 0.5 SNO per NO added-in keeping with the nitrosation via a N 2O3 intermediate (27) -and Ϸ1.0 SNO per ENO added, indicating direct transnitrosation of glutathione.
every 5 min for a total 20 min (while the animals continued to breath 100% O 2 ).
Results and Discussion
We devised a simple method to deliver ENO as an inhaled gas admixture. ENO (l) was added to ethanol in a Fisher Milligan gas washer. Nitrogen (or oxygen; 0.6 liters͞min) was passed through the solution, saturating the gas, and then blended in a ventilator to produce the inspired gas admixture (6 liters͞min; see Methods for details). The concentration of ENO in the gas phase was easily adjusted by altering its solution concentration (Fig. 1A) . GCMS analysis of the gas output from the ventilator revealed the absence of NO x and virtually undetectable levels of NO (Fig. 1B) . When introduced into an aqueous solution, ENO decomposed to ethanol and nitrite. In the added presence of 0.5 mM glutathione-to simulate dissolution into human airway lining fluid (1)-ENO generated GSNO stoichiometrically (i.e., with 100% yield; Fig. 1C ). In contrast, NO generates GSNO with lower yield (Fig. 1C) . These data indicate that ENO and NO undergo alternative chemical reactions: ENO directly transnitrosates glutathione to form GSNO whereas NO generates GSNO and nitrite through the intermediacy of N 2 O 3 (27)-a potentially toxic reaction channel.
We began by assessing the effect of ENO inhalation on resting pulmonary and systemic hemodynamics and on PaO 2 , in piglets breathing room air (21% O 2 ). The results in Table 1 show that ENO had no significant effect on PaO 2 , mean blood pressure (MnBP), or SVR. There was, however, a reduction in PAP at the highest dose (0.125%). In other words, ENO shows a selective, albeit modest, effect on pulmonary vascular tone in normal animals-a response suggestive of potent vasodilator activity because the pulmonary vascular bed is already close to maximally dilated under resting conditions and, therefore, relatively insensitive to vasodilators.
Next we examined the effect of ENO in a piglet model of hypoxic pulmonary hypertension with two objectives in mind. First, to explore whether it was capable of reversing the increases in PAP and PVR and, second, to determine whether the ENO effect on PAP͞PVR was selective or, alternatively, also exerted on systemic vessels. Vascular tone is exquisitely sensitive to O 2 tension. Reduction of the fraction of inspired O 2 (FiO 2 ) to Ϸ0.14 increases PAP (hypoxic vasoconstriction) and lowers SVR and MnBP (hypoxic vasodilation; Table 2 ). Once pressures had stabilized (Ϸ5 min), ENO was delivered in three randomized doses at Ϸ5-min intervals (Fig. 2) .
Inhalation of ENO produced rapid, dose-dependent reductions in PVR and PAP, whereas the drug had no effect on SVR, MnBP, or CO (Fig. 2) . At the highest dose tested, PAP and PVR were not different from baseline in room air; that is, ENO fully reversed the hypoxic vasoconstriction. ENO also produced a slight increase in PaO 2 that was independent of the fall in PVR, whereas the alveolar-arterial (A-a) O 2 ratio was unchanged (data not shown). In this respect, it is important to understand that pulmonary vasoconstriction is a physiological adaptation to hypoxia, and that lowering of PVR could well have worsened oxygenation. Taken as a whole, the effects of ENO are best rationalized by matched changes in V͞Q ratio, perhaps in part secondary to bronchodilation, and establish that the gas is a selective vascular pulmonary smooth muscle relaxant.
One of the most frequent complications of inhaled NO therapy is ''rebound'' (21) . On discontinuing the drug, PAP may rebound to a level higher than baseline, perhaps because of inhibition of endothelial NOS. Complete hemodynamic collapse is seen in as many as 25% of patients (21) . We reasoned that ENO therapy would be more resistant to rebound if it were to fortify the endogenous SNO reservoir within the lung (as SNOs are longer lived than NO). As a first assessment of the metabolic fate of ENO and NO gases, we measured the in vivo production of SNOs in the lungs of animals treated by inhalation. Airway lining aspirates were obtained by bronchoscopy, and samples were analyzed for SNO content as previously described (28) . Fig.  3 illustrates that (i) ENO produced marked increases in airway SNO content at all doses tested, whereas NO was far less effective [e.g., Ϸ1 ppm of ENO yielded a greater increase in SNO (5-fold) than 75 ppm of NO (Ϸ2-fold)]; (ii) maximal increases in Values are shown as mean (standard error). Units are as in Table 1 .
steady-state SNO levels produced by ENO were Ϸ8-fold; and (iii) SNO concentrations in vivo were maintained within a relatively narrow range. These data are consistent with results of recent studies showing that SNOs are metabolized and their levels tightly regulated in vivo (29) (30) (31) .
Further evidence for a role of SNOs in the action of ENO was provided by comparing the effects of NO and ENO in a lung washout (injury) model of pulmonary hypertension (32) . ENO and NO were each administered for 2 hr, and both were effective at reducing PVR and improving oxygenation (Fig. 4 A and B) . PAP was lower in animals treated with NO than with ENO (Fig.  4C ), but this result is largely a reflection of lower CO in the NO group (Fig. 4D) . Removal of NO from the inhaled gas admixture resulted in a rapid rebound in pulmonary pressure and fall in PaO 2 , whereas these parameters (PAP, PVR, and A-a gradient) remained completely unchanged on cessation of ENO (Fig. 4  A-D) . Specifically, PAP͞PVR returned to baseline in all animals within 3 min of stopping NO, but was unchanged for the entire 20-min period of observation after removal of ENO. Furthermore, ENO seemed to protect against a decline in CO (which fell by 40% in untreated animals during the 2-hr study period), whereas NO did not protect (Fig. 4D) , suggesting that ENO has a positive inotropic effect, including the possibility that it prevents myocardial ischemia (33) . These results thus strongly suggest that flux through the SNO pool functions to dispense NO bioactivity in the lung and that the response is physiological. In other words, SNO throughput is adapted to serve in matching ventilation to perfusion and to sustain CO. The mechanisms by which lung SNOs exert these bioactivities, however, are not known.
NO can react directly with either oxygenated or deoxygenated hemes of hemogloblin to produce methemoglobin, and it is also readily converted into nitrite, which can oxidize hemoglobin (34) (35) (36) . Inhaled NO is predisposed to all of the above methemoglobin-forming reactions, producing, for example, extremely high concentrations of nitrite within the airways (14) . We therefore assayed for methemoglobinemia in our studies and found that the levels were below 2%. We also attempted to measure blood ethanol, which is a byproduct of ENO decomposition and is present in trace amounts in the carrier gas admixture, but these levels were below the limits of detection.
It is important to recognize that free NO is virtually undetectable in human airway lining fluid and that the concentrations in expired air are well below those that dilate blood vessels or relax airways (14, 37) . The paucity of NO can be understood by appreciating that endogenous NO-related molecules undergo oxidative reactions with glutathione and proteins in human airways to produce relatively high concentrations of GSNO and SNO-proteins (14) . It has been speculated that these S-nitrosylation reactions are adapted to provide NO bioactivity in the lung, and, in support of this proposition, we have shown that human airways are relaxed in vitro by endogenous concentrations of GSNO (14) . The case for physiological relevance is further strengthened by studies demonstrating that airway GSNO may be depleted in human conditions associated with impairments in V͞Q matching, including asthma (28), cystic fibrosis (38) , and hypoxemic respiratory failure (14, 39) , and by the finding that aerosolized GSNO can reverse the V͞Q matching impairment associated with SNO deficiency (40) . Here, we report that selective repletion of indigenous species of SNO is linked to improvements in lung function. Together, these studies strongly suggest that endogenous SNOs play a physiological role in V͞Q matching.
Inhaled NO is a relatively selective pulmonary vasodilator (16, 33, 35) . It has been proposed that NO gas is eliminated in reactions with hemoglobin that mitigate its toxicity. In reality, lung tissues take up most of the NO. By using positron emission tomography and N 13 -labeled NO, McCarthy et al. (41) showed that only a minor fraction of inhaled NO gas accesses the plasma in the form of innocuous nitrate. Moreover, NO clearance from lung tissues was much slower than N 2 gas, in keeping with our earlier studies showing that inhaled NO had reacted with airway constituents including glutathione (14, 42) . But, whereas reactions with glutathione preserve NOS bioactivity and mitigate endogenous NO toxicity, we find that glutathione does not efficiently sequester inhaled NO gas, thus providing a plausible explanation for NO toxicity in clinical trials (17) and hemody- Fig. 4 . Effect of discontinuation of ENO and NO in a piglet model of lung injury. Pulmonary hypertension was induced in intubated neonatal pigs breathing 100% oxygen by repeated saline lavage. Either NO (20 ppm followed by 5 ppm), or ENO (Ϸ5-10 ppm), or nothing (Control, i.e., values after lung injury) was then added to the inhaled gas for 2 hr. (Dosing was designed to achieve comparable reductions in PVR.) Control animals showed a progressive rise in PVR (61%) and fall in CO (40%) over the 2-hr period that followed injury; and accordingly, PAP remained essentially unchanged (Ϯ8%). namic collapse on discontinuing the drug (21) . By contrast, the resistance of ENO to rebound increases in PVR would appear to result from its facile reaction with thiols to form longer-lived SNOs, and we speculate accordingly that ENO may be less toxic than NO. This viewpoint notwithstanding, the ability to manipulate the endogenous SNO pool and to thereby improve V͞Q matching suggests a significant therapeutic approach to a widespectrum of cardiopulmonary diseases.
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